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Abstract 
As urban areas continue to grow, understanding how species respond and adapt to urban habitats is 
becoming increasingly important. Knowledge of the mechanisms behind observed phenotypic 
changes of urban-dwelling animals will enable us to better evaluate the impact of urbanization on 
current and future generations of wildlife and predict how animals respond to novel environments. 
Recently, urban ecology has emerged not only as a means of understanding organismal adaptation 
but also as a framework for exploring mechanisms mediating evolutionary phenomena. Here, we 
have identified four important research topics that will advance the field of urban ecology and shed 
light on the proximate and ultimate causes of the phenotypic differences commonly seen among 
species and populations that vary in their responses to urbanization. First, we address the ecological 
and socio-economic factors that characterize cities, how they might interact with each other, and 
how they affect urban species. Second, we ask which are the proximate mechanisms underlying the 
emergence over time of novel traits in urban organisms, focusing on developmental effects. Third, 
we emphasize the importance of understanding the ultimate causations that link phenotypic shifts 
to function. This question highlights the need to quantify the strength and direction of selection that 
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urban individuals are exposed to, and whether the phenotypic shifts associated with life in the city 
are adaptive. Lastly, we stress the need to translate how individual-level responses scale up to 
population dynamics. Understanding the mechanistic underpinnings of variation among populations 
and species in their responses to urbanization will unravel species resilience to environmental 
perturbation, which will facilitate predictive models for sustainability and development of green 
cities that maintain or even increase urban biodiversity and wildlife health and wellbeing. 
 
Introduction 
 
A prevailing source of environmental change in the 21st century is rapid human population growth 
in urban areas. Today, 54% of the world’s human population lives in urban areas, and by 2050, this 
number is expected to increase to 66% (United Nations 2014). Urban land cover continually expands 
to accommodate this growth, leading to the destruction of natural habitat and reduced biodiversity 
as a result of local extinction processes (Kalnay and Cai 2003; While and Whitehead 2013). 
Responses to these changes vary considerably between and within species. Indeed, some species are 
unable to occupy urban habitats (urban avoiders) while others persist (urban adapters) and even 
thrive (urban exploiters; Blair 1996; Moller 2009; Sol et al. 2014; Sepp et al. 2018). Similarly, it has 
been suggested that within species, only individuals possessing certain traits may be able to colonize 
urban areas (Sol et al. 2013; Sprau and Dingemanse 2017). Recently, interest in urban ecology has 
grown exponentially, as evidenced by a proliferation of empirical studies, meta-analyses, and 
reviews (McIntyre 2000; Liker et al. 2008; Goddard et al. 2010; Audet et al. 2016; Marzluff 
2017; Sepp et al. 2018; Tucker et al. 2018; Lapiedra 2018; Mulholland et al. 2018). 
Present and past research in urban ecology has primarily focused on the following two questions: (1) 
do urban and rural populations differ in certain traits? and (2) do urban and rural areas differ in 
biodiversity and/or species abundance? The evidence accumulated so far points to globally 
widespread influences of urbanization on phenotypes (Alberti et al. 2017). Likewise, urbanization 
has been linked to profound and complex effects on biodiversity, which is often greatly reduced at 
intense levels of urban development, but can also flourish in sub-urban and peri-urban areas 
(Aronson Myla et al. 2017). As these two questions have already been widely investigated, we now 
need a deeper understanding of how and why patterns of phenotypic shift and biodiversity emerge 
in cities. To do so, we draw on Niko Tinbergen’s four questions of “survival value,” “ontogeny,” 
“evolution,” and “causation” (Tinbergen 1963). In the context of an integrative framework for urban 
ecology, we first need mechanistic studies that examine how novel phenotypic traits emerge in 
urban areas, focusing on ontogeny, developmental plasticity, and co-variation between different 
behavioral and physiological traits. We then need to identify whether phenotypic responses of urban 
populations are adaptive, what their function is, and to which urban-specific selective pressures they 
are subjected. The question of whether populations truly adapt to urban life (via genetic change and 
local adaptation) or only acclimate (via plasticity) is difficult to resolve (Isaksson 2015; Tucker et al. 
2018). It is thus important to investigate proximate mechanisms, including genetic and epigenetic 
effects underlying the emergence of novel traits at the individual level (Sol et al. 2013), the 
modification of existing traits (Badyaev et al. 2008), or the filtering of individuals and species 
possessing specific traits from an original, non-urban population (Moller 2009; Banaszak-Cibicka and 
Żmihorski 2012; Sol et al. 2014). Individual responses can then be tied to population dynamics by 
quantifying how fitness of urban individuals scale up to influence the demography of populations. To 
date, few studies have successfully integrated all of these components (but see Badyaev et al. 2008). 
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Moreover, the field of urban ecology is hindered by the lack of a clear, standardized approach to 
quantifying urbanization. Cities are extremely complex environments that differ in ecological, 
structural, and socio-economic characteristics; such variation also exists within cities. This limits our 
ability to design comparative studies and interpret their results (Moller 2009; Ramalho and Hobbs 
2012; Aronson et al. 2014; Sol et al. 2014; Sepp et al. 2018). Further, the majority of urban ecology 
studies to date have focused on only one or a few urban and rural areas (e.g., Partecke et al. 
2005; Fokidis et al. 2009; Foltz et al. 2015). Given the potentially important effects of variation 
among cities, our ability to generalize from these focused studies is uncertain. 
 
Outstanding questions 
 
We have identified four pressing topics that will advance our knowledge of individual and 
population-level responses to urban environments. In the following sections, we give background to 
each question, outline gaps in knowledge, and suggest how these gaps can be addressed (Fig. 1). 
 
 
Figure 1 - Outstanding questions for urban ecology (1–4) in the context of environmental, individual, and population 
variation. Some representative common animals found in cities around the globe are pictured. Environmental variation can 
affect individual and population-level variation. Individual variation affects individual fitness which then can lead to 
changes at the population-level. 
 
What ecological and socio-economic factors produce the observed genotypic and 
phenotypic shifts in urban animals, and how do they interact with each other? 
 
Background 
 
Cities are complex environments. There are large differences both within and between cities in age, 
climate, habitat structure, human population density, and socio-economic development. All these 
factors could contribute to the observed phenotypic and genotypic shifts observed in urban 
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populations of wild species, and variation in those patterns. For example, wealthier cities in 
developed nations may have more urban parks and green spaces, whereas poorer cities may have 
fewer “managed” green spaces. The management of green space, as well as of urban waste, can 
have important consequences on the availability of food and nest sites for urban fauna. However, it 
is often unclear which factors are playing major roles. The reason has partly to do with sampling 
protocols, as few studies are explicitly designed to disentangle the effect of single factors. 
Nevertheless, global analyses of biodiversity datasets in urban areas have identified key ecological 
drivers of biodiversity loss due to urbanization, especially land cover (for instance the proportion of 
impervious surface) and the age of a city (Goddard et al. 2010; Aronson et al. 2014). In addition, 
socio-economic factors have also been shown to influence biodiversity (Hope et al. 2003; Kinzig et al. 
2005; Aronson Myla et al. 2017). Conversely, studies that have thoroughly disentangled the effects 
of urban-specific factors on individual rather than on how different species respond are lacking, and 
this knowledge gap limits our understanding of whether specific city traits may influence adaptation 
to urban areas. 
Gaps in knowledge 
How do we define and quantify what urban is (and is not)? 
 
Defining what is urban and what is not is anything but trivial and perhaps only useful from a 
semantic point of view. Likewise, the term rural can also refer to villages, agricultural fields, wind 
farms, or energy extraction sites in forests. The important distinction for this field is to quantify the 
factors that are associated with urban or rural environments, and move away from categorical 
designations of these areas. A vast proportion of urban ecology studies defines urbanization only 
qualitatively, and refers to study sites as urban, sub-urban, peri-urban, or rural simply based on the 
researchers’ own knowledge of the study area. Other studies rely on satellite-based images to 
quantify land-cover types and categorize them as urban, for instance by using the proportion of 
impervious surface in a given area around a study site. Recent work has incorporated several 
landscape attributes in multi-variate analyses (for instance principal component analyses) to 
compute an integrated “urban score” to be used in subsequent models aimed at testing the effect of 
urbanization on biodiversity or individual-based variables (Giraudeau et al. 2014; Sprau et al. 2017). 
While such compound variables can have the benefit of defining the “citiness” of a particular 
sampling location, specific environmental variables may play a disproportionately stronger role than 
others in particular conditions. Depending on the research question of interest either method can 
have its own merit. Moreover, most definitions of urbanization have so far focused on cross-
sectional samplings of environmental variables along urban gradients. Such a methodology fails to 
take into consideration the complex spatio-temporal dynamics of urban sprawl (Ramalho and Hobbs 
2012). In a recent study by Salmón et al. (2018), they showed that by performing a spatio-temporal 
modeling on nitrogen oxide (NOx) pollution, the long- and medium-term pollution models (one-
month and one-week) were highly associated with urbanization scores of the habitat. However, 
short-term variation in NOx(24-h) was not associated with the scoring of urbanization, or with 
various oxidative stress parameters measured in four species of songbirds. This finding may not be 
surprising given the importance of local weather conditions for daily pollution estimates, which do 
not affect other parameters of urbanization; however, approaches like this might provide a better 
understanding of whether a behavioral and physiological trait is an acute response to a specific and 
current stressor or a more long-term response to the urban environment. Although the urbanization 
score and NOx modeling revealed similar large-scale patterns on physiology, it also revealed that the 
fine-grained resolution in the NOx models gave better power to detect smaller effects on physiology 
  5 
compared to the more general urbanization scores (Salmón et al. 2018). Further, urbanization often 
proceeds non-linearly and at different speeds in different spatial directions. The result of this 
process is a mosaic of urban patches embedded into a matrix of remnant natural habitats. Each of 
these urban patches has its own history of urbanization. To recognize such complexity might explain 
large portions of variation in species abundance and diversity, and individual responses to the urban 
environment. 
 
Can we model “city traits” in comparative global analyses? 
 
The need to generalize the effects of urbanization has promoted studies at the global level. We 
advocate the need for such global studies, but we also think that we need to take into consideration 
within- and between-city differences in urbanization. Cities differ dramatically in the way they have 
been built in regard to the speed and pattern of urban sprawl, and this is especially evident when 
cities from different continents are compared (Ramalho and Hobbs 2012). Moreover, cities differ 
also in the matrix habitat they are built in, mostly depending on the geographic area they are 
located. For instance Phoenix, a global hotspot of urban ecology research, is a relatively isolated 
urban area surrounded by desert habitat. Conversely, New York City is located in a heavily urbanized 
metropolitan area surrounded by temperate habitat with mixed deciduous and evergreen 
vegetation. The variation in the matrix habitat could also generate important variation in findings 
and thus may at least partially explain why the same species can show different responses in 
different cities, or in different areas within the same city (Evans et al. 2009). If not accounted for, 
this variation may limit our ability to generalize from studies that focus on only one or a few cities. 
To take into account such variability and assign traits to different urban areas based on their 
ecological characteristics is likely to enhance the quality of global comparative analyses. Moreover, 
including in such analyses not only ecological but also socio-economic variables will likely improve 
the quality of the outcomes, as it is increasingly recognized that the type and history of urban 
development is crucial in determining its impact on biodiversity (Hope et al. 2003; Kinzig et al. 
2005; Aronson Myla et al. 2017). 
 
How do different urban-specific ecological factors interact to affect individual and species 
response? 
 
Most studies aimed at testing the effects of urbanization on individual and species response have so 
far mostly focused on urbanization as a whole (see the section “Why do urban organisms differ from 
their non-urban counterparts?”). In the last couple of decades, urban-specific environmental factors 
such as anthropogenic light (Swaddle et al. 2015; Ouyang et al. 2018), noise (Slabbekoorn and 
Ripmeester 2008; Halfwerk and Slabbekoorn 2013), air pollution (Greaver et al. 2012; Salmon et al. 
2018), toxicants (Järup 2003; Kobiela and Snell-Rood 2018), temperature (Arnfield 2003; Brans et al. 
2017), or human presence (Chace and Walsh 2006; Corsini et al. 2017) have also been the focus of 
field studies and captive experiments. Recent studies have also tried to disentangle the relative 
contribution of some of these factors (Da Silva et al. 2014; Dominoni et al. 2014; Sprau et al. 2017). 
However, experiments are usually designed to separate the effects of these urban factors rather 
than explicitly testing their interactive effects (but see McMahon et al. 2017). Future studies should 
focus on the outcomes of such interactions and whether they produce synergistic (additive, 
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multiplicative, etc.) or antagonistic effects. Recent studies have proposed integrated frameworks to 
address interactions between different stressors/stimuli that might be useful in the context of urban 
ecology as well (for instance, see Hale et al. 2013). 
Significance and future prospects 
 
To comprehensively understand how environmental variation influences individual, population, and 
species responses is a challenge that every ecologist is likely to face. To further add the complexity 
of the urban environment to this challenge can be daunting. However, it is a challenge that needs to 
be met to advance urban ecology research. To do so, we need to recognize and understand the 
complexity of the urban habitat, and specifically: (i) measure as many ecologically relevant variables 
as possible, including characteristics of the matrix around cities, (ii) measure socio-economic factors, 
(iii) consider the spatial and temporal variation of such variables between and within cities, (iv) 
consider the age and the history of development of a particular urban area, and, finally, (v) design 
studies aimed at testing the interaction between different urban-specific factors. We believe that 
integrated, precise measurements of urbanization will ensure that each individual analysis will be 
robust, and will also improve the quality of large-scale comparative analyses. 
 
How do urban organisms differ from their rural counterparts? A multi-trait, integrative 
approach 
 
Background 
 
A growing body of evidence describes behavioral and physiological differences between urban and 
rural populations, and phenotypic shifts associated with urbanization have been globally 
demonstrated in plants and animals (see Alberti et al. [2017] for a review). However, both behavioral 
and physiological shifts due to urbanization are not always consistent within the same species 
measured in different cities (Evans et al. 2011; Ibáñez-Álamo et al. 2017), and even less between 
closely related species (Moller 2009; Sol et al. 2013; Alberti 2015; Ducatez et al. 2018). For instance, 
endocrine traits of birds show no general pattern of response to urbanization (Bonier 2012). 
Similarly, while levels of oxidative stress correlate overall positively with the degree of pollution, 
species-specific differences exist (Isaksson 2010; Salmon et al. 2018). We stress that while the lack of 
general patterns often reported might come partly from environmental differences among urban 
areas, it is also important to recognize the need to shift from the paradigm of investigating one 
phenotypic trait in one urban area to a more holistic understanding of how populations respond to 
urbanization by integrated measures of different traits at different levels of biological organization 
(e.g., gene, physiology, behavior), their co-variation, and the underlying mechanistic links between 
them. Moreover, although evidence points to phenotypic differences between urban and rural 
populations, we still do not understand how these differences arise. Specifically, these may come 
about via plastic (non-genetic) or evolutionary (genetic) responses. Thus far, evidence documenting 
either of these two processes is still relatively rare (Johnson and Munshi-South 2017). Furthermore, 
trait differences can arise as a result of founder effects, and insights from invasion ecology point to 
phenotype-dependent dispersal (Chapple et al. 2012). An additional level of complexity is given by 
potential non-random distributions of phenotypes in urban settings (Sprau and Dingemanse 2017). 
In this section, we want to highlight how these different processes can be unraveled through 
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exploring underlying mechanisms for the observed patterns and through robust, integrative 
experimental designs. 
Gaps in knowledge 
 
Are multiple, correlated physiological and behavioral traits similarly affected by urbanization? 
 
Research in urban ecology has typically focused on one or in very rare cases, a few traits (Badyaev 
et al. 2008; Sol et al. 2013). However, an organism’s interaction with the environment is both 
perceived at the neuroendocrine level as well as translated into behaviors (Adkins-Regan 2005). In 
particular, a specific behavior might originate from a single physiological pathway, or might be the 
result of a suite of physiological changes (Ouyang et al. 2016; Cohen et al. 2017). When studying 
covariation between physiology and behavior, we should distinguish between correlational and 
causal effects. For example, cause and effect can be demonstrated as physiological mechanisms that 
influence behavioral traits, whereas feedbacks can also occur in which physiology affects behavior, 
which then feeds back to affect physiology (Sih et al. 2015). Thus, to fully appreciate how behavioral 
shifts occur in urban populations, the potential physiological pathways underlying such shifts need 
to be measured in conjunction. Studying how behavior and physiology feedbacks change with 
urbanization gives insight into ecological processes such as niche expansion, dispersal, and social 
organization (Réale et al. 2007). Individual variation in behavioral and physiological traits affect key 
ecological and evolutionary processes: the pattern of phenotypic variation determines the outcome 
of natural selection and affects competition and the structure of ecological networks (Wolf and 
Weissing 2012; Wong and Candolin 2015). 
In addition, recent research has highlighted that environmental change can alter the relationship 
between physiology and behavior. In normal conditions, physiological and behavioral responses 
might not be correlated with each other, but such relationships can arise when animals are exposed 
to environmental stressors (Killen et al. 2013). The opposite can also occur (Killen et al. 
2013; Welbers et al. 2017; Hutton et al. 2018). Thus, to repeatedly measure the co-variation of 
physiological and behavioral traits in the same individual, for instance during different seasons or 
times of day, might shed light on specific ways that urbanization affect animals. 
Another important aspect to consider is how urbanization affects behavioral traits that are normally 
correlated with each other. Indeed, recent studies suggest that organisms often exhibit behavioral 
syndromes, that is, suites of correlated behaviors across time and context (Sih et al. 2004). The 
existence of these syndromes indicates that there is a limit to the range of behavioral plasticity 
expressed by an individual, and thus highlights the need to track individuals across space and time to 
capture such plasticity. In summary, we believe that the study of correlated traits across situations 
and biological levels (e.g., physiology and behavior) would promote a deeper understanding of how 
urbanization affects phenotypes. In essence, when traits are correlated, e.g., different behaviors, or 
behaviors with physiological traits, they should be studied together longitudinally, rather than in 
isolated packages, as they have mostly been thus far (but see Charmantier et al. 2017). 
 
What role do ontogeny, plasticity, and evolution play in generating the phenotypic variation 
associated with urbanization? 
 
  8 
Plasticity is the first line of response when an individual is exposed to novel environments and 
stimuli, such as those that exist in urban areas, and it defines the potential of an organism to 
acclimate to these novel environmental conditions. Such plasticity can manifest itself during 
development or in adulthood. Unfortunately, studies on how ontogenetic (developmental) plasticity 
in urban organisms may promote phenotypic differences in adulthood are very rare. An exception is 
the work on house finches by Badyaev et al. (2008). Urban house finches in Tucson, AZ, possess 
larger and stronger beaks compared with their desert conspecifics (Badyaev et al. 2008), which 
confer a fitness advantage, e.g., higher juvenile survival, because they enable them to crack open 
and eat the larger seeds and nuts provided in garden feeders (Badyaev 2010). The researchers 
studied the developmental basis of this divergence in beak morphology in adulthood, demonstrating 
an earlier and accelerated tissue transformation in urban versus desert house finch embryos. 
Indeed, the mandibular primordia of the large-beaked urban finches express bone morphogenetic 
proteins earlier and at higher levels than those of the desert finches during embryonic development, 
leading to stronger beaks in adulthood (Badyaev et al. 2008). Studies like these can shed light onto 
the ontogenetic basis of phenotypic differences due to urbanization. Understanding the control 
system that underlies trait variation can help elucidate the evolution of reaction norms. For 
example, control systems can impose constraints if they cannot produce the optimal reaction norm, 
and can create addition pressures if the system is costly (Lessells 2008). 
Moreover, quantifying the extent of reversible phenotypic plasticity in adulthood is also important, 
as it might underlie the capacity of individuals to respond to rapid environmental changes taking 
place during urban development. Such plasticity can be studied via translocation studies or testing 
how the same individuals respond to repeated, experimental exposures to urban challenges. We can 
also use laboratory studies to measure plasticity in a controlled setting. It is important to note that 
not all plasticity is adaptive. Anthropogenic environments may be ecological traps, such as the case 
of dark beetles that are killed in managed forests when they are attracted to forest fuel piles that 
are then milled (Hedin et al. 2008). Maladaptive behaviors are likely to occur when animals 
encounter very different conditions, e.g., urban environments, from those that shaped their traits 
under previous selection (Hale et al. 2016). Distinguishing between adaptive and maladaptive 
plasticity and their degree of flexibility will be important for understanding whether urban 
environments act as evolutionary traps or promote adaptive evolution (Robertson et al. 2013; Hale 
et al. 2016). 
It is important to recognize that without robust experimental design, plastic, non-genetic responses 
can be easily confounded with genetic responses. For instance, while common-garden experiments 
are a common way to disentangle genetic versus environmental effects on behavior and physiology, 
they often lack control for the potential effect of parental and early-environmental influences on 
phenotypes (Partecke et al. 2005; Dominoni et al. 2013). Recently, Brans et al. (2017) used a multi-
generational common-garden experiment with Daphnia to ask whether urban Daphnia have evolved 
higher heat-tolerance than rural water fleas. By breeding both the parental and F1 generation in a 
common environment, the authors limited the effect of any potential non-genetic influence on the 
results. They found higher heat tolerance in animals descended from individuals collected from 
urban ponds compared with descendants of individuals collected from rural ponds, partly mediated 
by smaller body size, suggesting adaptive thermal evolution in urban Daphnia. Similar studies will be 
instrumental in disentangling genetic and non-genetic responses to urbanization. 
Furthermore, we also need to stress that the emergence of specific urban phenotypes might simply 
be a consequence of non-random distributions of phenotypes in urban settings, pre-selected from 
existing rural populations during the process of urbanization. In other words, urbanization might 
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filter species, populations, and individuals on the basis of whether or not they possess traits that 
make them suitable to colonize and thrive in cities. The ideas of urban habitats being “filters” have 
been examined largely in community ecology (Croci et al. 2008; Maklakov et al. 2011; Banaszak-
Cibicka and Żmihorski 2012), in which species have been identified as “winners or losers.” Much less 
attention has been devoted to the same process acting at the individual level within a population 
(but see Charmantier et al. 2017; Sprau and Dingemanse 2017), and we consider this as a ripe 
research field. 
 
Significance and future prospects 
 
To make strides in answering these questions, we need to not only measure phenotypic traits but we 
also need to measure these traits in conjunction, such that we can have information on (co)variation 
between and within individuals. To date, there are very few studies that have measured multiple 
behavioral traits (e.g., song, boldness, exploration) and multiple levels of causation (e.g., differences 
in physiology and morphology) within urban and rural populations and the few that have done so 
have been key in establishing trait covariance. To disentangle the role of parental, early 
developmental, environmental, or genetic effects in producing organisms that avoid or exploit urban 
environments, we need to design robust experiments, for instance cross-fostering or common-
garden experiments (Partecke et al. 2006; Brans et al. 2017; Capilla-Lasheras et al. 2017; Kobiela and 
Snell-Rood 2018; Salmon et al. 2018). Lastly, with the growing amount of individual-based data 
collected, we should integrate between different levels of organization, e.g., genetic variation, 
epigenetic variation, gene expression, physiology, and behavior, to form of a holistic understanding 
of how new behaviors and life-histories emerge in urban environments. 
 
Why do urban organisms differ from their non-urban counterparts? 
 
Background 
 
Urban environments are relatively novel and are characterized by several anthropogenic factors, 
e.g., increased anthropogenic food, light and noise levels, that make them unique. Hence, cities 
present wildlife with novel environmental conditions that are dramatically different from those 
under which they have evolved. Some of these conditions might exert strong selective pressures on 
urban organisms (Johnson and Munshi-South 2017). Consequently, cities can be seen as hubs of 
evolution in action. In fact, there has been a recent surge of interest in studying evolution in cities 
(see Johnson and Munshi-South [2017] for a review). Thus far, population genetic studies have been 
instrumental in this field. For example, Mueller et al. (2013) addressed the genetic nature of 
behavioral adaptation of blackbirds colonizing urban areas. They found evidence for consistent 
patterns of divergence between paired urban and rural birds at a microsatellite associated with the 
SERT gene. SERT has a number of hypothesized behavioral effects, including harm avoidance, which 
may be associated with tolerating the challenges of urban environments (Garroway and Sheldon 
2013). Similarly, researchers have found that past history of urbanization of New York City is 
paralleled with changes in the genome and demographic history of the white-footed mouse (Harris 
et al. 2016). Using RAD sequencing, Perrier et al. (2018) found a small but significant effect of 
urbanization on genetic differentiation in European great tits. However, population genetic studies 
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in urban ecology are still relatively rare and provide a very limited taxonomic sample. With 
molecular tools becoming cheaper and more accessible, much can be gained from investigating the 
consistency of the effects of urbanization on the spatial distribution of genetic diversity, the 
polygenic nature of gene–urbanization association, and potential signatures of selection in the 
genome of urbanized species (Bosse et al. 2017). 
Despite population genetics being a useful tool to highlight evidence of genetic adaptation to urban 
life, it does not help us to fully understand why within a species urban organisms differ from their 
rural counterparts. In order to achieve this, we need to integrate genetic variation data with 
information on the strength of selection on a particular trait and its fitness value. For instance, 
several urban-specific environmental factors have been proposed to explain variation in life-histories 
associated with urbanization: food limitation, predation, anthropogenic pollution, etc. (Sepp et al. 
2018). However, how these factors translate into selective pressures in urban environments is 
largely unknown. Moreover, how does individual fitness respond to spatio-temporal variation in 
such pressures along gradients of urbanization? And what traits are under selection? Quantifying 
selective pressures and obtaining long-term fitness data (in particular lifetime reproductive success) 
in urban environments remain daunting tasks, but key to understanding the evolution of urban-
specialized traits. 
 
Gaps in knowledge 
 
Are behavioral/physiological changes in urban individuals adaptive? 
 
We still do not have a clear understanding whether behavioral or physiological changes in urban 
individuals are adaptive or maladaptive. Repeatability, measured as the fraction of phenotypic 
variation that is due to differences among individuals relative to differences within an individual, can 
set the upper bound to heritable variation. However, for most traits we have no estimates of 
heritability or repeatability and no information if they change along urban gradients (Ouyang et al. 
2011; Jenkins et al. 2014, Salmon et al. 2018). To fill these gaps, we would first need repeated 
measures of a trait within the same urban individuals. Then, we would need to measure the 
relationship between this trait and individual fitness. Last, we would need to assess how such a 
relationship might be affected by urban-specific environmental factors, to assess the strength of 
selection acting on the trait (see also next section). As an alternative perspective, top-down 
approaches using genomic data could be used to assess signatures of selection. For example, a large 
genomic dataset in European great tits suggests that beak shape and size evolved rapidly as a result 
of domestic garden feeders (Bosse et al. 2017; but see Perrier and Charmantier 2018). 
 
What are the selective pressures that urban animals respond to? 
 
Very few studies have quantified the selection pressures that urban animals are responding to. 
Selective pressures in urban environments, such as temporal variation in food, water, and predation, 
are often relaxed (Jokimäki et al. 2002; Marzluff 2017). Urban environments exhibit a range of 
changed ecological processes, e.g., increased primary productivity. To illustrate, although concrete 
surfaces in cities represent a net primary productivity of zero, city parks, gardens, and golf courses 
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elevate local productivity relative to surrounding rural areas, with these green spaces lying close to 
the highest end of the productivity continuum (Kaye et al. 2005). These ecological processes should 
alter selective forces in cities, and might lead to the genetic differentiation of urban and wild 
populations. Alternatively or in conjunction to this, genetic changes associated with isolated wild 
populations due to habitat fragmentation may on the one hand result from increasingly urbanized 
landscapes (Shochat et al. 2006). On the other hand, continuous migration and gene flow, for 
instance in highly mobile species such as birds, might prevent the genetic differentiation of urban 
populations and dampen evolutionary responses. 
As we highlighted above, to understand the evolutionary implications of urbanization it is imperative 
to obtain fitness data, preferably through experimental work in order to disentangle the fitness 
responses to different urban-specific environmental factors. In terms of reproductive success, food 
availability and quantity are often one of the characterized environmental traits, as least in avian 
systems (Schoech et al. 2009). Higher food availability is generally associated with increased 
reproductive success (Verboven et al. 2001) and earlier timing of reproduction (Schoech et al. 2009) 
in urban animals. However, urbanization may also be associated with a reduction in the quality of 
food, for instance via reduced availability of optimal diets, and this component is not always 
appreciated. Recently, a reduction of food quality was linked to reduced reproductive success in 
birds (Pollock et al. 2017) and higher disease susceptibility in coyotes (Murray et al. 2015). In terms 
of survival, there is no study that we are aware of that has characterized both how urban animals die 
and what selective pressures affect their survival, so it remains a clear research gap for urban 
evolutionary biology. 
 
Do phylogenetically related species respond similarly to urbanization? 
 
In a review of >800 avian species across five continents, Sol et al. (2014)found that most of the 
biodiversity loss can be attributed to a lack of appropriate adaptations for exploiting resources or 
avoiding risks associated with urbanized environments. Importantly, closely related species tended 
to respond to urbanization in the same way, e.g., avoider or exploiter, possibly sharing features that 
affect their tolerance to urban development (Lapiedra 2018). Moreover, recent work has also 
pointed to the reduction of avian phylogenetic uniqueness in urban habitats, which raises 
conservation concerns (McKinney 2006). These studies are a good start to answering this question 
and should be expanded to systems other than birds. In conjunction, a global network of researchers 
that work on the same system, e.g., house sparrows or Anolis lizards, may be useful to explore 
fundamental questions in different cities across the globe. 
 
Significance and future prospects 
 
These evolutionary and ultimate questions need data on life-time fitness that are often missing in 
field studies. In order to understand the forces of selection, we need basic information on the 
genetic variation of many of the behavioral or physiological traits that we are measuring. For 
example, we need to measure heritability and repeatability of key traits to quantify if these may 
constitute substrates of selection, and then measure selection coefficients. With selection 
coefficients, we can predict the rate of change in a trait over time and over different environmental 
conditions, to predict how likely a trait would be able to respond to current and future 
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environmental change. However, it is important to note that phenotype–fitness relationships can be 
biased and generated by adaptive plastic responses to the environment (Bonier and Martin 2016). 
Moreover, we can use quantitative genomics to link genotype with phenotype. To measure 
evolutionary routes, we need to know which selective pressures promote trait divergence. Likely, 
this will include quantifying environmental factors and testing these factors using common-garden 
experiments in the laboratory. We can use phylogenetic relatedness to our advantage by comparing 
similar and dissimilar species pairs’ responses to environmental factors that characterize cities. 
Lastly, comparative phylogenetic models can predict how species may respond to urbanization 
especially for non-avian taxa, i.e., comparing phylogenetically similar species. In summary, greater 
attention should be paid to urban evolutionary aspects because the type and direction of 
physiological, behavior, and morphological changes can indicate how selective forces in urban 
environments differ from those in habitats less affected by humans. 
How do individual-level responses influence population dynamics in urban areas? 
 
Background 
 
We mentioned in the “Introduction” section that research in urban ecology has so far primarily 
focused on questions related to how urbanization affects (i) population-level (urban vs. rural) 
phenotypic responses (Alberti et al. 2017) and (ii) biodiversity (Beninde et al. 2015; Aronson Myla 
et al. 2017). Despite the large number of studies that have investigated these questions, there is 
comparatively little knowledge about if and how the two aspects are linked. Urbanization is known 
to affect several demographic parameters, such as reproductive success and fertility, mortality, and 
longevity (although examples of longevity are rare; Chamberlain et al. 2009; Sepp et al. 2018). 
However, how these demographic effects translate into changes in population dynamics and 
ultimately into the likelihood of a species to increase or decrease in abundance over time is a 
somewhat neglected aspect of urban ecology. A mechanistic appreciation of the demographic 
processes that regulate urban populations is imperative if we want to understand how urbanization 
affects species abundance and biodiversity. Thus, we believe it should be a major focus of urban 
ecology research in the near future. Moreover, most studies so far have utilized a cross-sectional 
approach, comparing demographic traits and species abundance levels across gradients of 
urbanization or in paired urban/rural sites. While this approach is useful to identify patterns of 
changes in demography and biodiversity associated with urbanization, its utility for understanding 
the processes underlying these changes is limited. Alternative approaches, for instance longitudinal 
demographic analyses during different stages of urban development, or meta-population modelling, 
might be much more informative of such processes, drawing from the existing tools used in the 
fields of invasion biology and behavioral ecology. 
 
Gaps in knowledge 
 
What is the impact of urbanization on components of fitness? 
 
The need to obtain accurate demographic data is imperative to assess not only the impact of 
urbanization on fitness, but also the selective forces acting on urban populations (see the section 
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“Why do urban organisms differ from their non-urban counterparts?”), and the consequences of 
such demographic changes for the persistence of wild species in urban areas. For instance, there is 
mounting evidence that passerine birds have reduced reproductive success in urban areas. This is 
partly due to the reduced investment in clutch size (Chamberlain et al. 2009; Sepp et al. 2018), but 
also to poor diet and health in early life which may reduce both pre- and post-fledging survival 
(Rodewald et al. 2013; Bailly et al. 2016; Smith et al. 2016; Capilla-Lasheras et al. 2017; Pollock et al. 
2017; Salmón et al. 2017). However, most of these studies were limited to one or few years, 
whereas studies that have measured lifetime reproductive success (the most compelling fitness 
measure) in urban populations are non-existent. Similarly, there are very few examples of urban 
populations in which survival and especially longevity are measured accurately for most individuals 
(but see Sepp et al. 2018). A key challenge is therefore to move toward long-term monitoring of 
urban populations in order to obtain high quality data on individual reproduction and survival. 
 
How are such changes in individual fitness linked to population dynamics in urban areas? 
 
Very few studies have assessed population dynamics of species in urban areas (but see Riley et al. 
2003; Harveson et al. 2007; Balogh et al. 2011). Such lack of knowledge limits our capacity to 
understand the drivers of change in population abundance associated with urbanization, as well as 
whether urban populations are sources or sinks. Likewise, evolutionary traps and range shifts are 
likely to interact as animals respond to rapid urbanization (Hale et al. 2016). If colonizers are more 
likely to encounter traps as they explore novel urban environments, what happens to these 
phenotypes and would they be removed from these environments? Perhaps the phenotypic traits 
that make an urban colonizer successful are not those that would persist in urban environments. 
Hence, it will be important to measure range shifts and dispersal strategies. In a recent study, Smith 
et al. (2016) have used a 3-year dataset on reproductive success and annual survival to build a 
stochastic demographic model and estimate population growth rate for spotted towhees (Pipilo 
maculatus) in four parks in Portland, OR, USA. Their model revealed that despite high levels of 
annual reproductive output, post-fledging survival can be very low. This pattern suggests that some 
urban populations might be sinks and must rely on immigration from source areas to be sustained. 
However, immigration as well as dispersal rates were not measured in this study. To obtain such 
estimates in urban areas where populations are likely to be distributed within a mosaic of small to 
large patches of remnant habitat can be daunting, but nevertheless essential for the understanding 
of population dynamics and the ecological connectivity of urban landscapes (LaPoint et al. 2015). 
Biotelemetry studies conducted in urban areas are increasing in number and scope (LaPoint et al. 
2015), and we advocate more use of these tools to assess movements between sub-populations and 
thus inform metapopulation models with emigration and immigration rates. Alternatively, genetic 
information can be used to assess the direction and strength of gene flow and demographic history 
(Gaggiotti et al. 2009; Andreasen Alyson et al. 2012). 
 
When are changes in individual fitness reflected in demographic changes during progressive 
urbanization? 
 
An important aspect to consider when assessing the demographic consequences of urbanization, 
and thus its effects on biodiversity, is not only how and why, but also when during the different 
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stages of urban development a species begins to show changes in demographic parameters that can 
lead to changes in abundance. It is important to also assess population density and land-use changes 
in areas surrounding cities as these areas can also develop at different time scales. Longitudinal 
analyses have been instrumental in elucidating the mechanisms underlying population dynamics in 
other study systems (Potts et al. 1980; Reed et al. 2013; Ewald et al. 2015; Haddad et al. 2015). 
However, as mentioned earlier, long-term ecological studies are rare in urban habitats. In this 
context, data obtained through citizen science projects can play a crucial role. Indeed, such data are 
intrinsically linked to the presence of humans and are therefore often collected within urban areas 
of different size and age (Bates et al. 2015; Bradsworth et al. 2017). Such data are increasingly used 
to assess long-term population trends and their underlying causes, and could be further exploited to 
understand early warning symptoms of demographic change linked to increasing urbanization. 
 
Significance and future prospects 
 
The widespread species loss associated with urbanization does not only happen during its first 
stages, but also during the complex process of urban sprawl, which creates a mosaic of different 
urban sub-habitats, from concrete-heavy business districts to greener suburban areas, that may or 
may not become unsuitable for certain species. Understanding when during this process species may 
cease to be able to cope with urban development is a research challenge that, if met, will provide us 
with unique knowledge about how urbanization affects biodiversity. We believe that meeting this 
challenge will require a mechanistic comprehension of this process that relies on long-term data on 
individual fitness, population growth, and habitat change. 
 
Conclusions 
 
There is a compelling need to expand and integrate different components of urban ecology to reach 
an integrative mechanistic understanding of how organisms respond to, cope with, and adapt to 
urbanization (Isaksson 2015; French et al. 2018). Urban sprawl has profound impacts on wild 
organisms, and the resulting disruption of physiology, behavior, and life history has major 
conservation implications (Knop et al. 2017; Ouyang et al. 2017; Kleist et al. 2018; Kernbach et al. 
2018). In this context, there is a need to develop amelioration plans for species affected by 
urbanization, with the ultimate goal of designing environmentally sustainable cities with minimal 
ecological footprints. Despite the fact that the field of urban ecology is moving fast and attracting 
increasing scientific and public attention, we still lack a framework that can help us understand 
individual and population-level responses to urbanization. 
The four questions we have raised here provide a framework and a pathway for an integrative 
understanding of urban ecology through a focus on mechanisms. We stress that we will need a 
combination of laboratory studies with controlled conditions, field studies that characterize fitness 
and the environment, and comparative and meta-analyses with global approaches for broad-scale 
patterns to form a holistic view of urban ecology. First, with clear definitions of the different factors 
that characterize a city, we can measure the socio-economic and ecological factors that influence 
the observable traits in animals, and their interactive effects. Second, we need to understand how 
urban animals differ from their rural counterparts through common garden and genomic studies 
that disentangle the genetic, epigenetic, and phenotypic contributions from development to adult 
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phenotype. This will require us to not only focus on one trait but also on correlated traits. Next, to 
explore why individuals differ, we need to understand the evolutionary potential for adaptive 
change in traits of urban organisms. We will need to measure selection coefficients and use 
population genomic studies to explore global patterns. Lastly, to facilitate crosstalk between studies 
of individual-level phenotypic traits and biodiversity, we will need measures of lifetime fitness and 
links to population dynamics. With the expansion of the urban human population, having a 
concurrent increase in studies that address these knowledge gaps will help us build greener cities 
that maintain biodiversity and ecosystem function. 
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